Introduction
Multijunction solar cells can reach higher power conversion efficiency than their single-junction counterparts by means of the better utilization of the photon energy in the solar spectrum. [ 1 ] They hold the highest record effi ciencies across different branches of solar-cell technologies. [2] [3] [4] Typically, multijunction solar cells are made in a two-terminal structure because of the simple workfl ow of device fabrication as well as the straightforward design of electrical terminals. The component subcells are electrically connected in series such that the device has only two terminals to interact with the external circuit. As a consequence, the individual response of the subcells is not directly provide an unambiguous indication to distinguish between the genuine response and the artifacts. Furthermore, refi ning the measurement confi guration is typically a cumbersome and time-consuming process which requires iterative changes on both bias light and bias voltage. In practice, it becomes especially diffi cult when more than two subcells are involved and/ or when the EQE spectra of the subcells spectrally overlap to a great extent, that is usually the case in thin-fi lm silicon-based solar cells. [ 3, [16] [17] [18] [19] [20] Similar challenges can also be expected when studying two-terminal multijunction solar cells with novel materials and/or structures, for which the EQEs of the component subcells may not be well-known. In these cases, it can be tricky to determine a proper bias confi guration and to interpret the result. This issue is worth extra attention considering that many novel hybrid structures have emerged in the last few years, such as perovskite/crystalline silicon tandem cells, [21] [22] [23] perovskite/ copper indium gallium selenide (CIGS) tandem cells [ 24, 25 ] and a-Si:H/organic double-and triple-junction cells. [ 26 ] While the researches demonstrated promising routes to surpass the high effi ciencies given by optimized single-junction cells, little concern was shown for the credibility of the EQEs being reported.
In experiments, measurement artifacts can be studied by varying the measurement conditions and with different solar cells. The information is quite limited since the current in external circuit is the only output signal. In consequence, understanding the mechanism of artifact formation is not a straightforward task. In this work, we studied the formation of various types of artifact in the EQE measurement of two-terminal multijunction cells by means of modeling. The signal obtained in an EQE measurement of a multijunction cell under defi ned bias light and bias voltage condition can be simulated. Through the simulations, it was clearly shown how the cell properties or the bias conditions can affect the EQE spectra acquired in measurements. Modeling the entire measurement process gives extra internal information about the operation conditions of the subcells, which leads to better understanding of the mechanisms of artifact formation. The model was also applied to interpret the irregular EQE spectra obtained in actual measurements. The insights gained from the in-depth analyses on artifact formations, together with the application of auxiliary modeling in the measurement and interpretation process, enable more reliable determination of the studied spectral response of multijunction solar cells.
Terminology and Scope
In this paper, a measurement artifact means a deviation of the probed EQE from the genuine EQE. The genuine EQE is regarded as an inherent property of the solar cell (and its subcells). We defi ne the genuine EQE as the EQE of a subcell when it operates in its own short-circuit condition and when its parent multijunction cell is under an incident spectrum comparable to the AM1.5G. In contrast, the probed EQE is regarded as a quantity obtained in a measurement. The probed EQE is derived from the detected signal so it is dependent on the measurement condition. It does not necessarily reproduce the genuine EQE, which one intends to measure. The discrepancy between the genuine and probed EQE, i.e., the artifact, is the main object of this study.
Besides, a few terms used in this paper might not be common in literature so they require clear defi nitions. In principle, the EQEs of different subcells in a multijunction cell are measured separately. In a certain measurement, one sets up a bias condition, which is a combination of bias light and bias voltage, with the intention to measure a certain subcell. To clarify, we refer this subcell being intentionally investigated to as the targeted subcell; the rest of the subcell(s) is referred to as the nontargeted subcell(s). While the incident continuous light is referred to as the bias light, the chopped monochromatic light being used to excite a periodic signal is referred to as the probe light. When the J-V characteristic of a subcell is examined as it is a separate solar cell with its own electrical terminals, such J-V characteristic is referred to as the implied J-V characteristic because it is not accessible in experiments but only in simulations. Similarly, the incident light generates excess carriers in a subcell, which would result in a certain photocurrent if it was an independent solar cell. Because the actual current in a subcell also relies on the other subcells in the series, such hypothetical photocurrent is referred to as the potential photocurrent of the subcell. For simplicity, the potential photocurrent density is indicated as J ph . J ph is also used to quantitatively represent the illumination level of a subcell. Finally, in many cases, a multijunction cell and its subcells are examined at their operation points. The operation point of a (sub)cell is represented by its operation voltage and operation current density ( V , J ), under a given external condition. An operation point can typically be indicated as a point on the (implied) J-V curve. At such point on the curve, the derivative of current density ( J ) with respect to voltage ( V ), d J /d V , can be examined for further analyses. The derivative is the differential conductance per unit area of the subcell, and is referred to as differential conductance in this paper for simplicity.
This article is structured as the following. With the help of modeling, the mechanisms of artifact formation are analyzed in Section 3 . Measurements on tandem solar cells, which are the simplest multijunction cells, have been simulated. The shunt resistance of the targeted subcell, the bias light intensity and the bias voltage were altered to examine how they affect the probed EQE. In Section 3.4 , a set of experimentally measured EQE spectra for a quadruple-junction solar cell is shown to demonstrate how modeling can help to interpret the results from actual measurements. Having gained a better understanding of the principle and mechanism behind the EQE measurement and its artifact formation, in Section 4 we gave an in-depth discussion on how to properly conduct the measurement and interpret the outcome. Finally, perspectives are presented in Section 5 on the potential applications of the model. All experimental details regarding the acquisition of simulation input and the demonstrated measurements are reported in Section 7 , after the conclusions.
Artifact Analysis
In this section, modeling of EQE measurements on multijunction cells is used to study the formation of artifacts. Illustrated in Figure 1 , a model was developed to simulate the probed EQE of a two-terminal multijunction cell in a differential spectral 
where q , k , and T are elementary charge, Boltzmann constant, and absolute temperature, respectively. The adjustable parameters in the equation J 0 , n , R s , R sh and J ph are the saturation current density, diode ideality factor, series resistance, shunt resistance, and (potential) photocurrent density, respectively. The subscript ( i ) indicates a certain subcell. Further details of the model are described in the Supporting Information. A complete set of input includes the incident spectra of the bias light and probe light, as well as the genuine EQE and the diode parameters of each subcell. Depending on the purpose of the simulations, the input parameters can be either measured experimentally, synthesized by other simulations, or generated artifi cially. The ultimate output of the model is the probed EQE with respect to the cell properties and measurement conditions given in the input. In addition to this, the operation points of the subcells and the related information, which cannot be obtained in a measurement, are also valuable output.
Taking into account the device characteristics and measurement condition, the model refl ects the realistic response of the device. In the following subsections, several sources of measurement artifacts have been studied by changing the input of the model. Because of the way how the model is constructed, the revealed artifacts are the consequence of the characteristics of illuminated semiconductor diodes (i.e., the subcells) and the correlation between them. The discussions are generically applicable to different types of two-terminal multijunction cells, even though thin-fi lm silicon solar cells were used in the demonstration.
Effect of Shunt Resistance
EQE measurements of thin-fi lm a-Si:H/nc-Si:H tandem solar cells were simulated to show the infl uence of shunt resistance of the targeted subcell on measurement artifacts. Without losing genericity, the bottom subcell is chosen as the targeted subcell in the following investigation. In the simulations, R sh of the bottom subcell was adjusted between 200 and 5000 Ω cm 2 . The J ph in the bottom subcell generated by the bias light was set at 14 mA cm −2 , near its value under AM1.5G illumination. For the top subcell it was set at 20 mA cm −2 to guarantee the device current-limited by the bottom subcell. The J ph generated by the probe light was in the order of 10 −1 mA cm −2 . In all cases the bias voltage was 0 V.
Except the R sh of the bottom subcell, the diode parameters of the simulated subcells were kept unchanged at their default values, which are listed in Table 1 . At the regime where the illumination level is comparable to that under AM1.5G, all diode parameters except J ph can be treated as constants, which were obtained by fi tting the one-diode equation with the AM1.5G-illuminated J-V data.
Figure 2 a shows the simulated EQE spectra in which artifacts can be observed. In the wavelength range where the bottom subcell has a higher response than the top subcell, the simulated probed EQE is lower than its genuine value; the opposite is true at the wavelengths where the bottom subcell has a lower response. The lower the shunt resistance, the more the probed EQE deviates from the genuine value. Meusel et al. ascribed this kind of artifact to the drift of operation voltage occurring in the subcells stimulated by the probe light. [ 6 ] Such mechanism is also explained and further investigated in the Supporting Information with two distinctive examples. In our case, the deviation in current thus the EQE is directly related to the shift of operation voltage in the bottom subcell. The drift is more severe with lower R sh , as it is shown in Figure 2 b.
The differential conductance of the subcell at its operation point, which is the slope (d J /d V ) of its implied J-V curve, was investigated as it represents how sensitive the current is to a change in voltage. The shunt resistance of the targeted subcell affects the measurement artifacts not only through d J /d V of the implied J-V curve in the reverse voltage regime, but also by locating the operation point of the nontargeted subcell along its implied J-V curve. Figure 2 d shows the implied J-V curves of the subcells under only bias illumination. Without bias voltage, the nontargeted subcell typically operates at a positive voltage near its V OC . The targeted subcell works at the corresponding negative voltage, and its operation current determines the current in the device. In the regime of the negative voltage, the operation current highly depends on R sh , even though the potential photocurrents (at 0 V) are the same. As a result, given the same level of bias illumination, a lower R sh in the targeted subcell moves the operation point of the nontargeted subcell toward lower voltage, at which the measurement is more susceptible to artifacts. In other words, an intense bias light for the nontargeted subcell is needed for an accurate measurement in case of a low R sh in the targeted subcell. It can be seen in Figure 2 d that, although the photocurrent provided by the probe light was only in the order of 10 −1 mA cm −2 , a difference of 6 mA cm −2 in J ph generated by the bias light may not be enough to suppress the artifact when the shunt resistance is low. The confi guration of the bias light is not as simple as fulfi lling the basic current-limiting requirement (a difference in J ph ). Under reverse voltage, the operation current of the targeted subcell may approach or even surpass the J ph in the nontargeted subcell in case of a low R sh . A similar problem can occur when the breakdown voltage of the targeted subcell is low. 
Effect of Bias Conditions
This section reports the effect of the bias-light intensity and of the bias voltage on the measurement artifacts. First, the infl uence of bias-light intensity was examined. With the bottom subcell as the targeted subcell, its J ph supplied by bias light was assigned at 14 mA cm −2 , and the illumination level for the top subcell was changed between 15 and 40 mA cm −2 . Similarly to that in Section 3.1 , EQE measurements of the tandem cell were simulated using the diode parameters given in Table 1 , except the R sh of the bottom subcell was set at a relatively low value of 200 Ω cm 2 . The bias voltage is 0 V. Figure 3 a shows that the probed EQE is substantially different at various illumination level for the top subcell, according to simulations. At the lowest illumination level, that J ph-top / J ph-bot = 15/14 mA cm −2 , the probed EQE behaves like the EQE of the top subcell with some artifact, even though the J ph in the top subcell is still higher and one may expect a probed EQE representing the response of the bottom subcell.
To understand this phenomenon, the operation points of the subcells are examined in Figure 3 b. When the top subcell is supplied a low J ph of 15 mA cm −2 , it operates at a low positive voltage near 0 V, instead of the desired high voltage which is near the V OC . In such condition, the top subcell is the one actually throttling the current. The bottom subcell can support the increase in current when an additional potential photocurrent is generated in the top subcell by the probe light, while the opposite is not true. The external current, hence the probed EQE, is more related to the spectral response of the top subcell.
The different profi les of the probed EQE spectra can be explained by the differential conductance d J /d V of the component subcells at their operation points, as shown in Figure 3 . The gray dashed curves show the genuine EQE spectra of the top and bottom subcells, [ 27 ] and the vertical dashed-dotted lines indicate the two wavelengths at which the cell operation is further discussed. b) Left axis, circle marker: the probed EQE at certain wavelengths. Right axis, diamond marker: the difference in operation voltage of the bottom subcell between the bias/bias+probe light conditions. nontargeted subcell, its operation voltage is positioned toward its V OC , around which the nontargeted subcell has the steepest J-V relation thus interferes the least with the external current and the probed EQE. Figure 3 a,c reveals that the lower the d J /d V of a certain subcell at its operation point, the greater weight the genuine EQE of this subcell has on the probed EQE. This claim can be justifi ed by the nature of d J /d V , which can be interpreted as the differential conductance of the subcell at the operation point. At the operation point, when a subcell has a very high differential conductance, the subcell works like a conductor that it hardly affects the current running through the device. Consequently, a subcell with high d J /d V contributes very little to the probed EQE. In contrast, a subcell with a very low differential conductance is highly resistive such that it limits the current. As a result, the probed EQE is dominated by the subcell with the lowest d J /d V at the operation point.
In terms of alleviating measurement artifacts, the confi guration of bias voltage ( V bias ) could also play a big role considering its relevance to the operation points. Looking into this issue, EQE measurements of a tandem solar cell were simulated with V bias being tuned from −0.8 to +1.4 V. Once again, R sh of the bottom subcell was set at 200 Ω cm 2 to make the artifacts more noticeable, while the other diode parameters were kept the same. With the bottom subcell being the targeted one, the bias illumination level was fi xed at J ph-top / J ph-bot = 20/14 mA cm −2 . Under the bias light, the V OC of the top subcell is 0.93 V.
A trend similar to the effect of bias illumination can be seen in Figure 3 Commonly, applying a positive bias voltage is taken as a measure to compensate the voltage offset from the nontargeted subcells with the aim that the targeted subcell can be examined near its short-circuit condition. Here, we demonstrated that even without taking in account the possible voltage-dependent photoresponse of the targeted subcell, an appropriate bias voltage is still benefi cial solely because of the illuminated J-V characteristics of the nontargeted subcells, that is, the diodelike J-V response exhibits a greater d J /d V at a higher operation voltage. It is noteworthy that beyond a certain limit the positive bias voltage turns to be detrimental. In the shown example the optimal bias voltage was slightly lower than the V OC of the nontargeted subcell. However, fi nding the optimum is not always as easy when the number of subcells increases and/or the bias illumination level is distinct from the standard testing condition.
Illumination-Dependent Response

Adapted Model for Low-Light Regime
The capability of our model to reproduce measurement artifacts is decided by the effectiveness of the assumptions and physical equations used in the model for describing the behavior of the studied multijunction cells. One should always bear in mind the conditions in which a model is (relatively) valid. The results discussed in the previous sections are based on the one-diode equivalent circuit. Such model is very useful for identifying the artifacts raised by the diode-like J-V characteristics in general photovoltaic cells at an illumination level comparable to AM1.5G, which is the case in Sections 3.1 and 3.2 . On the other hand, the diode parameters acquired at a certain illumination level do not guarantee a good match with the J-V data obtained in a different condition. An EQE measurement of a tandem cell in dark condition (no bias light) was simulated using the parameters obtained from illuminated diodes. The simulated probed EQE shown in Figure 4 a (the curve labeled "w/o adaption") gives a broad spread over the spectrum. On the contrary, it is commonly expected and often observed that the EQE measured in the dark mainly outlines the overlap between the EQE spectra of all component subcells. Although such expectation was not always met as shown in literature, [ 7, 28, 29 ] the result in Figure 4 a is worth extra attention. In this case, the discrepancy between this simulation and the aforementioned expectation originates from a shunt leakage overestimated by the parameters of illuminated diodes. It can be explained by the measured J-V curves of an a-Si:H single-junction cell under dark and AM1.5G conditions, respectively. This exact cell is the one used to acquire the diode parameters of the top subcell in the demonstrated tandem cell. For better comparison of their reverse characteristics, the illuminated J-V curve in Figure 4 b is shifted so that it comes across the origin. Apparently, the short-circuit resistance ([d J /d V ] −1 at V = 0 V) of the dark J-V curve is much higher than that of the illuminated one, meaning that the change in current caused by a voltage drift is smaller in the dark case. Therefore, the use of the diode parameters acquired from the J-V relation measured under AM1.5G spectrum overestimates the shunt leakage in the dark and low-light conditions. Generally speaking, such behavior can happen when the impedance of the solar cell is not a constant but can be affected by the carrier concentration or injection level in the cell. In case of solar cells constituted by P-I-N diodes, such change of impedance in the short-circuit region can be caused by the recombination losses in the intrinsic layer which are dependent on the carrier concentration thus also on the J ph . [ 30 ] The model used in the previous sections was adapted to extend the applicable range over low-light conditions. The onediode equivalent circuit was kept for synthesizing the J-V relation, but the diode parameters were interpolated between their dark and AM1.5G-illuminated values. When the one-diode equation was individually fi tted with the two J-V curves in a pair, such as the two solid lines shown in Figure 4 b, it was found that the diode parameters mainly differed in R sh besides J ph . Therefore, a semiempirical approach inspired by the work of Merten et al. [ 30 ] was used for the interpolation of R sh . Assuming a linear relation between log R sh and log J ph , the R sh Adv. Energy Mater. 2016, 1601930 www.MaterialsViews.com www.advenergymat.de at a certain illumination level J ph was interpolated between the two known data points from the dark and AM1.5G conditions.
For the sake of model validation, measurements of the same tandem cell in the dark condition were simulated with the adapted model. The parameters in Table 1 were used for both dark and AM1.5G-illuminated conditions, except the dark R sh was both set at 6.7 × 10 5 Ω cm 2 based on the measured dark J-V data. The AM1.5G-illuminated J ph was 14.0 and 28.0 mA cm −2 for the top and bottom subcells, respectively, while the dark J ph was 0.002 mA cm −2 for both. This diode confi guration is based on the measurements on the fabricated cells, and it serves as the reference cell in the following study.
The simulation output of the adapted model is shown in Figure 4 a. For the reference cell, the EQE probed in the dark basically follows the overlap of two genuine EQE spectra with a slight increase. The slight deviation is not a fault of the simulation but a realistic indication of the shunt leakage at such illumination level. To demonstrate this, the infl uence of shunt leakage was further examined by simulating tandem cells with different R sh in the bottom subcell. In this series of simulations, the reference R sh-dark and R sh-AM1.5G of the bottom subcell were multiplied by factors of 1/50, 1/25, 50, and 1/10, 1/5, 10, respectively. The result is shown in Figure 4 a along with the reference one. For the cell with extremely high R sh in the bottom subcell, the probed EQE strictly follow the genuine EQE of the bottom subcell in the wavelengths where the top subcell has a higher genuine EQE. When R sh of the bottom subcell decreases, the probed EQE tends to present the spectral response of the top subcell, showing that the bottom subcell with low R sh cannot properly limit the current in the device. This qualitative demonstration agrees with the trend reported by Pravettoni et al. and Bahro et al. [ 7, 28 ] With such adaption the model was greatly improved and specialized for simulating thin-fi lm silicon solar cells, and can be applied to analyze the measurements conducted in the low-light regime.
Effect of Low Bias Illumination
The effect of low bias illumination on the EQE measurement was investigated by implementing the adapted model. The reference tandem solar cell was simulated with the bottom subcell being the targeted subcell. The bias light for the top subcell was set at a high level of J ph-top = 20 mA cm −2 in order to isolate the studied effect from other infl uences. The bias light for the bottom subcell was varied in a wide range: J ph-bot = 1.4 × 10 −4 -1.4 × 10 1 mA cm −2 . In all cases, the potential photocurrent generated in the top subcell was much higher than that in the bottom subcell. The probed EQE at zero V bias is plotted in Figure 5 a. This series of EQE spectra exhibits very different features from the ones shown in the previous sections. First, there is barely any artifact signal at the wavelengths that the bottom subcell has zero genuine EQE. It is due to the intense light saturation in the top subcell that effectively prevents any artifacts caused by a voltage drift. Second, the probed EQE is higher than the genuine one. The enhancement in probed EQE increases monotonically with the decrease in J ph-bot generated by bias light. This type of artifact can be ascribed to the illumination-dependent J-V characteristics of the targeted subcell.
To explain this type of artifact, in Figure 5 b the implied J-V curves of the bottom subcell were examined with and without the probe light at 820 nm, the wavelength at which the top subcell is not active. In this low-light scenario, the bias-induced J ph-bot is 1.4 × 10 −2 mA cm −2 , while at this wavelength the used monochromatic probe light generates a J ph-bot of 0.2 mA cm −2 . The difference in the currents at short-circuit points between the two J-V curves is the J ph supplied by the probe light thus directly related to the genuine EQE, while the corresponding difference at operation points decides the probed EQE. The R sh in the two conditions are largely different, leading to different slopes between the two J-V curves in their reverse-voltage regime. In consequence, the difference in the currents at operation points is enhanced from that at short-circuit points. A probed signal higher than the genuine EQE is formed, seeming an artifact. The probed EQE is subject to the illumination level as seen in Figure 5 a. The dependency originates from the principle of differential spectral response measurement, that the output signal is not the total current through the device over the total incident light, but the periodic component of the current, divided by the incoming chopped monochromatic light. In other words, the probed EQE depends on how fi ercely the J-V characteristic changes with the additional incident light, at the particular illumination level. As an example, the bottom subcell in the adapted model was analyzed to assess how sensitive the operation current density is to J ph . Such sensitivity was evaluated by d J /d J ph , the derivative of the operation current density with respect to the potential photocurrent density. Examined at an operation voltage of −0.85 V, in Figure 5 c the derivative is shown against the illumination level J ph . Clearly, d J /d J ph is not uniform throughout the inspected scope of illumination. Ideally, it equals 1 so the probed EQE matches the genuine EQE. Instead, its value is almost 2 in the darkest condition, and converges toward 1 in the high-illumination regime. It is the exact root of the varying signals in Figure 5 a.
In the simulations, the dependency of d J /d J ph on J ph is a direct consequence of the way how R sh is interpolated in the adapted model. In actual measurements on a variety of multijunction cells fabricated in different photovoltaic technologies, the cause of illumination-dependent response can be diverse. In general, a similar behavior can be expected whenever such derivative of operation current in the targeted subcell is not uniform over the relevant illumination range. This phenomenon illustrates the need of bias light even for the targeted subcell. Since the probed EQE is correlated with the amount of continuous J ph in the subcell, the targeted subcell should be biased at an illumination level close to its intended operation condition, as commonly suggested. [ 15 ] In fact, in spite of the variance, the probed EQE spectra shown in Figure 5 a do not contain much artifacts, but rather represent the EQE of the subcell at certain operation conditions, namely, under low bias light and negative operation voltage. The bias-light and bias-voltage dependences of EQE are not exclusive in the multijunction cells but are rather common phenomena in single-junction cells. [ 31 ] Adv Conventionally, the EQE of the subcell under an illumination near solar irradiation and at the short-circuit point is the main concern and was mostly reported. For that, a positive bias voltage is usually applied to compensate the voltage contribution from the nontargeted subcell(s) and to shift the operation point of the targeted subcell to the desired voltage. Figure 5 d shows the effect of the bias voltage under two different illumination levels. When V bias applied to the tandem cell is 0 V, the probed EQE gives different values in the two conditions. The dependency of probed EQE on V bias is more obvious in case of low J ph-bot , except for very high V bias . By applying a V bias equal to the operation voltage of the top subcell, the bottom subcell operates in the vicinity of 0 V, so the genuine EQE can be approached in both scenarios (For J ph-bot = 14 mA cm −2 , there is a slight artifact because of the voltage drift in the top subcell). From the view point of actual measurements, however, it also means that the probed EQE changes continuously with V bias and there is no clear signature to distinguish the optimal V bias . Of course, in the high-voltage regime the probed EQE spectrum is largely distorted on account of both subcells operating at high forward voltages, so the upper limit of V bias can be decided. For a more precise optimization of the bias confi guration, further analyses by modeling or additional experiments are required.
Experimental Application
The purpose of developing the model in this work is to understand the formation of artifacts in EQE measurements so that the artifacts embedded in experimental results can be distinguished from the genuine properties of interest. Tandem solar cells, the multijunction cells which consist of the least component subcells, were studied in the previous sections, because the limited complexity eases the analysis on artifact formation. When there are three or more subcells in a multijunction cell, the internal correlations are complicated with the increased variables in the circuit, while the number of terminal is kept the same at two. In experiments, it becomes diffi cult to interpret the measurement results solely by adjusting the bias confi gurations. Nevertheless, the principles of the interactions between the subcells are similar no matter how many of them the multijunction cell comprises. The model can therefore be used for interpreting those intricate experimental results.
As a demonstration of the experimental usage of our model, the model was applied to the measurements of a quadruplejunction thin-fi lm a-SiO x :H/a-Si:H/nc-Si:H/nc-Si:H solar cell. The structure and performance of a similar cell have been reported elsewhere. [ 18 ] As a result of the absorber selection and optical design in such devices, the EQE spectra of the subcells strongly overlap with each other in the spectrum, as shown in Figure 6 a. The measurements on these cells typically feature a demanding process of adjusting the bias light. Besides, it can be observed in the measurement results that not only the intensity but also the spectral profi le of the probed EQE can sometimes be changed with varied bias voltage. An example is shown in Figure 6 b. During the measurement, the bias light was provided by three light-emitting diodes (LEDs) with emission peaks at the wavelengths of 447.5, 470, and 530 nm, respectively, with the intent to saturate the fi rst, second, and third subcells. The three curves plotted in the fi gure were measured with a bias voltage of −0.2, +1.4, and +2.4 V, respectively. Comparing to the reference spectra in Figure 6 a, at V bias of −0.2 V, the probed EQE looks like what can be expected from the third subcell. In the transition from −0.2 to +1.4 V, the onset of the probed EQE was shifted to the wavelength at which the fourth subcell should start to react. When V bias was further increased, the signal declined in intensity, but extended to the short wavelengths at which the previous two measurements at lower V bias received no response. This kind of evolution is not commonly expected from the adjustment of bias voltage. Incidentally, the discontinuity around 850 nm in all three curves is just an artifact induced by the specifi c measurement setup.
To explicate the origin of the irregular EQE being observed, simulations of the measurements on this device were performed. Figure 6 c,d shows the implied J-V curves of all four component subcells as well as the J-V curve of entire cell, under the illumination of only bias light. It should be noted that the additional part of the J ph generated by probe light is only in the order of 10 −2 mA cm −2 when the subcell has a high response at that wavelength. Therefore, the situation with probe light was not depicted for a better clarity of the graph. The implied J-V characteristics are the core of the dependency on V bias shown in Figure 6 b. It can be seen that the fourth subcell has the least J ph under the bias light, followed by the third subcell. The bias-induced J ph in the subcells are, from the fi rst to the fourth, 3.7/1.2/3.7 × 10 −1 /1.5 × 10 −1 mA cm −2 . The graph of implied J-V curves can be divided into three regimes, each of which corresponds to a probed EQE spectrum in Figure 6 b. In regime (I) where the external bias voltage is at the lower end, the fourth subcell operates at a high reverse voltage supplied by the other subcells. The amplitude of operation current is so high that the third subcell also operates in its low-conductance (d J /d V ) regime. When R sh of the third subcell is higher than that of the fourth subcell, the operation current is throttled by the third subcell so it dominates the probed EQE, as seen in Figure 6 b. In regime (II), with a higher V bias , all subcells except the fourth one operate near their V OC , so the probed EQE mainly presents the photoresponse of the fourth subcell. If V bias further increases, the cell is in regime (III) where all the subcells operate near their V OC . The probed EQE contains the infl uences from all subcells with different weights related to the differential conductance d J /d V in the individual subcells at their operation points. As a result, the probed EQE had nonzero values in the wavelength range below 500 nm, where the third and fourth subcells should have zero response.
In the above example, the simulations helped to explain the irregular response observed in experiments, which is the spectrally inhomogeneous dependency of the measured EQE on bias voltage. More importantly, it refl ects the capability of the model to identify the sources of the probed EQE obtained in experiments, that is of signifi cant importance in the research and development of two-terminal multijunction solar cells.
On the Proper Measurement Confi guration and Interpretation
It has been demonstrated so far that the signal collected in a EQE measurement of a two-terminal multijunction cell is Adv. Energy Mater. 2016, 1601930 www.MaterialsViews.com www.advenergymat.de subject to the measurement confi guration including the bias light, probe light, and bias voltage. Such dependency originates from the electrical correlations between the component subcells as well as the optoelectrical characteristics of each subcell as an individual photovoltaic device. The confi guration of a measurement is inherent not only in the measuring process but also in the data interpretation, of which people are not always aware. Concerning the EQE measurement, there are two natural questions and they should always come as a duo-"What confi guration?" and "What does the result mean?"
With regard to single-junction cells, one may think of a few different measurement confi gurations. In all cases, the bias light should provide an illumination similar to AM1.5G or other interested spectrum, while the intensity of the probe light should be negligible and only result in a perturbation in the current. Depending on the purpose of the measurement, there are a few sensible choices of bias voltage which lead to different interpretations. First, the short-circuit condition that V bias = 0 V is the most commonly used. The integration of EQE measured and weighted by the incident spectrum gives the J SC of the cell. Second, the cell can be biased as V bias = V MPP where V MPP is the operation voltage of the cell at its maximum power point. This might be more relevant to the actual operation of a solar cell and shows spectrally how photocarriers are generated and collected under such condition. Finally, in some occasions a V bias of negative value is used to enhance the carrier collection and reduce the recombination losses so that the effective optical absorption can be revealed.
The measurement of two-terminal multijunction cells requires essentially different confi gurations and interpretations compared to the single-junction. These distinctions deserve more attention than what they have been given. The concepts used in measuring single-junction cells cannot be directly transferred. Setting V bias at 0 V or V MPP of a multijunction cell apparently does not give access to the EQE of its component subcells in their short-circuit or maximum-power-point condition because of the nature of two-terminal structure. Every single measurement is supposed to examine only one of the subcells, and the bias confi guration should be designed for it. In terms of bias voltage, V bias = 0 V lets the targeted subcell operate at a reverse voltage decided by the other subcells. This effortless setting is clearly not a good option because it is susceptible to artifacts as shown previously, meanwhile, is not related to any relevant operation condition of the multijunction cell. By applying a certain positive V bias , the EQE of a subcell can be examined at its own short-circuit point. This method was widely reported in literature. [ 5, 6, 9, [11] [12] [13] [14] [15] 32, 33 ] On one hand, it gives useful information of how the incident photons can be distributed and utilized in different subcells, thus an important means to obtain the feedback needed for optimizing the cell fabrication and achieving current matching between the subcells. On the other hand, the short-circuit points of the subcells do not correlate with the short-circuit point nor other relevant operation conditions of the whole device under solar irradiation. Many researchers calculated the so-called J SC of the subcells from the EQE spectra obtained by this method, and further assigned the lowest value among these J SC of the subcells as the J SC of the multijunction cell based on the principle of current limitation in a series connection. Such interpretation, however, is not rigorous. The problem is illustrated in Figure 7 a. This example assumed a tandem cell similar to the ones simulated in the previous sections. The R sh of the top and bottom subcells is at reasonably high value of 1000 and 750 Ω cm 2 , respectively. Under AM1.5G illumination, the top and bottom subcells generate current densities J ph of 14.0 and 14.5 mA cm −2 , respectively, at the short-circuit points of their implied J-V curves. Following the conventional approach one may report a J SC of 14.0 mA cm −2 based on the measured EQE of the two subcells, but in Figure 7 a the J-V curve of the tandem cell shows that the J SC is actually 14.2 mA cm −2 . The curves in Figure 7 a were simulated according to the assumed J ph of the subcells, and they conform to the requirement of perfect series connection. In case these equations are held in a multijunction cell, it can be mathematically proven that the J SC of the multijunction cell is always greater than the lowest J ph among the component subcells. Therefore, EQE of the subcells measured at their own short-circuit points may not give the J SC of the multijunction cell with satisfactory accuracy, despite the useful information which they deliver.
To give an estimation of the possible discrepancy, the J-V characteristics of a tandem solar cell are considered. In a tandem cell where the subcell #1 provides less J ph under AM1.5G than the subcell #2 does, as exemplifi ed in Figure 7 b, the discrepancy between the J SC of the tandem cell and the lowest J ph among the component subcells is
For a reasonably current-matched tandem solar cell, the practical upper limit of |Δ J | can be approximated at V MPP2 · R sh1 −1 , where V MPP2 is the voltage of the maximum power point around which the slope of the implied J-V of subcell #2 changes abruptly. Based on this estimation, if V MPP2 = 0.5 V, the maximum discrepancy Δ J is 0.5 and 0.05 mA cm −2 for a R sh1 of 1 and 10 kΩ cm 2 , respectively. Therefore, the discrepancy in the J SC determined by EQE measurements is not always negligible when the R sh of the subcell is a few kΩ cm 2 or lower.
When a certain operation condition of a multijunction cell is of interest, the EQE measurement of its component subcells should also be related to such condition. To proceed with the measurements, the determination of measurement confi gurations should involve multiple steps:
(1) Decide the interested operation condition of the multijunction cell, based on the purpose of the study. (2) Find the operation condition of the targeted subcell corresponding to the interested operation condition of the multijunction cell. This is the condition in which the subcell should operate during the measurement. (3) Set up a measurement confi guration to fulfi ll the required operation condition of the targeted subcell, and to properly bias the rest of the subcells at the same time.
For example, to investigate the tandem cell in Figure 7 a under AM1.5G illumination and in short-circuit condition, the targeted subcell should be biased to the corresponding operation point indicated in the fi gure. Measuring the top subcell requires the bias light supplying a J ph of 14.0 mA cm −2 for the top subcell and much more for the bottom. The bias voltage should be applied such that the operation voltage of the top subcell is −0.22 V. Accordingly, when measuring the bottom subcell, it should have a J ph of 14.5 mA cm −2 and an operation voltage of +0.22 V. Nevertheless, it should be noted that this type of measurement requires extensive knowledge of the multijunction cell being investigated, which may be obtained by optical and electrical simulations and some preliminary measurements. It might be used for the in-depth analysis of a device, but it is certainly not a means of fi nding the J SC of a multijunction cell.
Having discussed various possible measurement confi gurations, it turns out that the spectral response measurement of two-terminal multijunction solar cells cannot be used as a tool to precisely determine the J SC . Instead, the measurement provides a great deal of information about the component subcells, which may then be used to approximate the J SC of the multijunction cell. The accuracy of the estimation can be improved by J-V analysis similar to that in Figure 7 .
Outlook
Besides the understanding of certain artifacts as an obvious outcome, the motivation of developing such a model in this work is to bring up the awareness of measurement artifacts, so as to promote reliable characterizations and accurate reporting in the fi eld of photovoltaic research. The model was demonstrated with thin-fi lm silicon-based solar cells, but its application is more generic, covering the multijunction cells made with various photovoltaic technologies. As suggested in Figure 1 , supplementary physical models can be inserted at different parts in the fl owchart to adapt the model to different types of solar cell, so that the specifi c characteristics related to their constituting materials can be accurately described and simulated. The adaption made in Section 3.3 for describing the illumination-dependent J-V characteristics is an example. Similarly, modifi cations can be made for the nonlinear J SC -irradiance behavior [ 34, 35 ] and the photoshunt effect [ 36 ] in organic solar cells, or for the luminescence coupling effect [ 8, 37 ] in solar cells consisting of III-V semiconductors, etc. With such extensibility, the model is useful for the experimental study of two-terminal multijunction solar cells made of novel combinations of absorber materials, and for the cells with unfamiliar or complex spectral response. By simulating the response of solar cells to diverse bias conditions (the preliminary input about spectral response can be generated by optical simulations), [ 18, 32, 34 ] the appropriate measurement confi gurations can be quickly approached. It is particularly important nowadays considering the emergence of many novel hybrid multijunction structures.
Conclusions
Having the incident spectrum and bias voltage to construct a virtual measurement condition, our model proposed a generic way to simulate the internal activities of a two-terminal multijunction solar cell during the process of spectral response measurements. By simulations, sources of artifact formation have been examined. Internally, the infl uence of shunt resistance in the targeted subcell was confi rmed that lower shunt resistance leads to greater voltage drift in other subcell(s) thus more undesirable change to the probed EQE. Externally, the impact of bias conditions was investigated, including the biaslight intensity for the targeted and nontargeted subcells, as well as the bias voltage applied to the two terminals. In brief, the spectral response of the subcell with the lowest differential conductance d J /d V at its operation point in the measurement condition has the most representation in the probed EQE. Because of the effects of the bias confi gurations on the operation conditions, a high bias-induced photocurrent(s) in the nontargeted subcell(s) and a medium bias voltage generally help to avoid measurement artifacts. If the J-V characteristic of the targeted subcell deforms with the illumination level and the operation current does not grow linearly with the photocurrent, the probed EQE will be dependent on the bias-light intensity for the targeted subcell beside the bias voltage. Thus the bias conditions for measurements should be confi gured according to the intended working condition of the multijunction cell.
Making use of the extra information from the model, the changes in the actually measured EQE in a quadruple-junction thin-fi lm silicon-based solar cell with varied bias voltage were elucidated. It demonstrated how the modeling tool can assist the EQE measurements of multijunction cells. Not only it can make the acquired results less ambiguous, but combining with other optical or opto-electrical simulations it can also estimate the optimal bias confi guration for an unfamiliar device even ahead of the actual experimental attempt. Such capability will be helpful in the research and development of two-terminal multijunction solar cells, especially the ones with novel or uncommon device structure.
Finally, attentions were raised to the interpretation of the measured spectral response. The EQE of the component subcells is meaningful information but generally it cannot be directly translated into the short-circuit current density of the multijunction cell. It was suggested that EQE measurements should be performed in a way that the measured EQE is related to a certain interested/relevant operation condition of the multijunction cell.
Experimental Section
In this paper, the origin of artifacts has been studied by modeling the EQE measurements of tandem (double-junction) solar cells. The simulations are based on a thin-fi lm p-i-n a-Si:H/nc-Si:H tandem cell. The thickness of the absorber layers is 350 and 3000 nm, and the J ph is 14.0 and 14.4 mA cm −2 for the top and bottom subcells, respectively. The genuine EQE spectra used for the simulations were adopted from the work by Tan et al., [ 27 ] and are shown in Figure 2 a (gray dashed  lines) . The quadruple-junction cell discussed in Section 3.4 is a thinfi lm p-i-n a-SiO x :H/a-Si:H/nc-Si:H/nc-Si:H quadruple-junction solar cell. The thickness of the absorber layers is 67/380/1900/3200 nm and the device structure is the same as the one reported in the previous work. [ 18 ] The genuine EQE spectra required in the simulations were obtained by deliberate measurements on the studied cell and further confi rmed with the result of optical simulations, [ 18 ] although it should be pointed out that the purpose of the simulations is to fi nd out how the probed EQE may deviate from the genuine EQE. In this scenario, it is irrelevant whether or not the used EQE spectra accurately represent the original device.
The EQE measurements of the quadruple-junction cell were performed using an in-house system. The system uses a xenon light source and a 3-grating monochromator to provide a monochromatic light source, which was then chopped at a frequency of 123 Hz before reaching the devices. The current induced by this light was measured through a resistor with a lock-in amplifi er. The measured value was compared with the one from a calibrated reference diode to calculate the EQE. The bias light was provided by a selection from 8 different LEDs with adjustable intensity and with wavelengths of emission peak ranging from 350 to 940 nm. The voltage of the measured cell was biased via the control circuit. In addition, the temperature of the solar cell was controlled at 25 °C through the mounting stage. As for another input of the simulations, the spectral irradiance of the every light source was measured using a spectrometer (Avantes AvaSpec-2048 UA/IB) at the spot where the solar cell was mounted.
For every component subcell in the studied tandem and quadruplejunction solar cells, a single-junction cell was fabricated in order to acquire the parameters in the one-diode equation for the simulations. The single-junction cells have similar p-i-n structures to their counterparts in the multijunction cells, while their front and rear sides are covered by glass/transparent conductive oxide and Ag, respectively. The fabrication procedure and further details about the cell structures are reported elsewhere. [ 18, 27 ] Illuminated J-V measurements were performed on the single-junction cells using a dual-lamp continuous solar simulator (WACOM WXS-90S-L2, class AAA) with an incident irradiance of 1000 W m −2
. Dark J-V measurements were performed using the same setup but shielding the cells from the light. During all measurements, the temperature of the cells was controlled at 25 °C. The one-diode equation was fi tted with the measured J-V data to extract a set of diode parameters for every single-junction cell. The parameter sets were then used to simulate the J-V characteristics of the corresponding subcells.
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